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Marginal Performance of Corrected Ophthalmic Lenses

Francis E. Washer and Walter R. Darling

The measured values of the departures of the marginal meridional and cylindrical
powers from the corresponding measured values of the axial powers for 311 corrected

ophthalmic lenses are reported.

The spherical refractive powers of the lenses studied range

from +7.60 to —20.00 diopters with cylindrical powers of 0.00 to 4.00 diopters. The

probable errors of measurement are discussed.

A set of tolerance values is suggested, and

the degree of compliance with these suggested tolerances is shown.

1. Introduction

In recent years, the performance of spectacle
lenses has been receiving growing attention. In
1951, a study of the performance of spectacle lenses
in the axial and extra-axial regions was initiated at
the National Bureau of Standards at the request of
the Veterans Administration. The objective of this
investigation was the development of a set of toler-
ances to be used in purchase specifications. In order
for these tolerances to be realistic, it was necessary
to measure the refractive powers of a large number
of spectacle lenses to determine what was currently
feasible.

In a previous paper [1],! the results of measurement
of the axial performance of 311 spectacle lenses were
reported. At present, several organizations are
working in unison and attempting to produce a
generally accepted standard for spectacle lenses,
with emphasis being placed primarily on axial per-
formance. It is probable that a similar effort will be
initiated at some future time to extend the coverage
of such a standard to include tolerances for marginal
power. It therefore seems worthwhile to report the
measured values of the departures of the extra-axial
powers from the axial powers for the same 311 lenses.
A tentative set of tolerances has also been prepared,
and the degree of compliance with these tolerances
is shown.

2. Selection of Lenses for Measurement

The lenses selected for measurement are the same
ones whose axial performance was reported in a
previous paper [1]. The present study is therefore
confined to single-vision lenses of the type called
“corrected ophthalmic lenses” [2]. ILenses of this
kind have the total spherical and cylindrical powers
divided between the front and rear surfaces in such
a manner that the difference in axial and marginal
power is minimized as far as practicable. Lenses of
this variety are commonly known as members of a
“corrected curve’ series.

The powers of the lenses studied ranged from
+7.00 to —20.00 diopters of spherical power and
0.00 to +6.00 diopters of cylindrical power. The
major emphasis was placed on lenses having spherical

! Figures in brackets indicate the literature references at the end of this ‘paper.

powers ranging from -+7.00 to —6.00 diopters and
cylindrical power ranging from 0.00 to +2.00. The
few reported that are outside this range are perhaps
sufficient to indicate the probable performance in
the region of higher powers. In order to make
measurements on more than one lens of the same
power, lenses of identical powers were purchased
from five different manufacturers. Some power
combinations were not readily available from each
of the five, but generally at least three makers were
able to supply lenses of like power. The final total
of lenses that were measured was 311, comprised of
3 to 5 lenses in each of 68 power combinations.

3. Theory

Spectacle lenses are normally specified in terms of
spherical and cylindrical power as measured on the
optical axis. The power of the lens, specified in this
manner, is the best estimate of the correction required
by the potential user. It is known, however, that the
degree of correction afforded by a given lens varies as
the eye rolls and looks successively through different
areas of the lens. This cannot be avoided because
the designer is constrained to work with but two sur-
faces and a single variety of glass at a time. Ifit were
feasible to use two or more types of glass and a com-
pound lens system in a spectacle lens, it might
be possible to achieve a high degree of correction
throughout the entire viewing area. This course of
action is precluded by two principal factors, the
first being excessive weight and the second being a
substantial increase in the cost to the user. How-
ever, even for the simple lens type of construction,
considerable improvement is effected by selection of
the shape or form of the lens that yields best per-
formance over the entire area.

To determine the difference in performance be-
tween the axial and marginal regions of a spectacle
lens, it is customary to make all measurements with
respect to the vertex sphere. The vertex sphere has
its center at the center of rotation of the eye, and its
surface is tangent to the rear surface of the spectacle
lens at the point of intersection of the optical axis of
the lens and its rear surface. The radius of the vertex
sphere is usually accepted as being 27 mm. When all
measurements of axial and marginal powers are made
with reference to the vertex sphere, comparisons can
be readily made between the power at any specified
extra-axial region and that at the optical axis.
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Fi1Gure 1. Schematic diagram showing the positions assumed

by a spectacle lens when tested on a modified vertometer.

The left part of the figure shows arrangement for measurement of axial power.
The fixed reference opening against which the lens is pressed is shown at M.
The optical center O is made to coincide with the center of M. The trace of the
vertex sphere is also shown. In the right part of the figure, point O is pressed
against the vertex sphere as shown. Light from M passes through the lens under
test at points A or B and the marginal power can thus be measured with respect
to the vertex sphere.

Figure 1 is a schematic diagram showing a spectacle
lens in position for measurement with respect to the
vertex sphere. The left-hand portion of the sketch
shows the lens in position for axial measurements; the
right-hand portion shows the lens in position for the
measurement of marginal power in the region at 30°
from the axis. In attempting to compare the refrac-
tive powers in the marginal regions with that in the
axial region, the use of the terms “spherical” and
“cylindrical” power results in confusion. Conse-
quently, in this paper, principal emphasis is placed
on the “meridional power.” The diagrammatic
sketch, figure 2, shows the regions where the powers

CYLINDER AXIS

Ficure 2. Schematic diagram showing the actual regions
where measurements are made.

Each small area of the spectacle lens is treated as a separate lens and com-
parisons are made of the respective powers. The meridional axes of the various
areas are as indicated.

are measured. Measurements are made in the two
principal meridians that yield the maximum and
minimum meridional powers, respectively. In the
figure, these meridians are designated by the symbols
V and H, with the subscripts 0, A, and B, indicating
the axial and marginal regions of the lens.

3.1. Definitions

For convenience, the definitions of all symbols
used in describing the various powers and their inter-
relations are collected into this section. This sys-
tem specifying the powers in various areas is pat-
terned to some extent after the system devised by
Whitwell and referred to by Emsley and Swaine [3].

V»=0ne of the principal meridional powers.
It is given by the sum of the pre-
scribed spherical and prescribed cylin-
drical power. It is the maximum
meridional power when the pre-
seribed powers are positive.

Hp=The second principal meridional power.
It 1s usually the same as the spherical
power. It is the minimum meri-
dional power when the prescribed
powers are positive.

Cp=Prescribed cylindrical power. It is the
difference between the priacipal meri-
dional powers and is given by the
l'elation OP: ‘JP‘—HP.

Vo=Measured value of one of the meridional
powers at the optical center of the
lens. It is the measured power for
vertical lines.

H,=Measured value of the second meridi-
onal power at the optical center of
the lens. It is the measured power
for horizontal lines. (In the absence
of ecylindrical power, V,=H,.)

Co="The measured cylindrical power at the
optical center of the lens. It is ob-
tained from the relation, Co="V,—
H,.

V4, Vz=The measured marginal powers at
points A and B in the same meridian
as V, or parallel to the meridian of
Vy. These are the measured margi-
nal powers for vertical lines.

H,, Hz;=The measured marginal powers at
points A and B in the same meridian
as H, or parallel to the meridian of
H,. These are the measured margi-
nal powers for horizontal lines.

C,=The measured cylindrical power at
point A, given by the relation

A— Va—114.

Cp=The measured cylindrical power at

point B, given by the relation

B— Vp—Llp.
3.2. Additional Relations

The following formulas are used in computing the
departures of the measured values from the specified
values for the axial region and the departures of the
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measured marginal values from the corresponding
measured axial values:

AVo: VO_VP AVA:I/YA_‘VO A‘/B:I/B_T/YO
AHo:Ho—‘HP AHA:}IA—IIO AI{B:HB—HO
AOOZOO—CP AC] :OA—OO AOB:OB—OO

4. Method of Measurement

The axial and marginal powers of all lenses were
measured on a standard vertex power-measuring in-
strument equipped with the modifying device de-
seribed in a previous paper [2]. The axial powers
were measured for the region shown at O in figure 2.
It is evident from figure 2 that identical values of
marginal power should be obtained for equivalent
areas symmetrically located on either side of the axial
point of the spectacle lens. Accordingly, in making
the measurements of marginal power, it 1s customary
to make and record five settings for both area A and
its equivalent area and a similar series for both area
B and its equivalent area. Some difference is found
on opposite sides but it is usually sufficiently small
that it can be neglected. The final accepted value
for a given marginal power for a single observer repre-
sents an average for 10 settings. The measurements
on each lens are made independently by each of three
observers, and the final results are obtained by
averaging the three sets. At the conclusion of the
measurements, the values of the departures of the
measured values from the specified values for the
axial region and the departures of the measured
marginal values from the corresponding measured
axial values are determined with the aid of the equa-
tions given in section 3.2.

4.1. Variation in Measurements for Points 30° From
the Axis for Three Observers

The determination of the refractive powers at 30°
from the axis is subject to considerably more un-
certainty than those measured on the axis. The
quality of definition is generally somewhat lower
than on the axis, which tends to reduce the precision
of the power determinations. In addition, any error
in properly establishing the angle separating the area
under test and the axis may produce appreciable
error in some instances. For example, the change in
meridional power with angle of viewing is likely to be
small in the vicinity of the axis but may be changing
rapidly with changing angle at 30° from the axis.
Consequently, a change of as little as 4-0.5 degree in
the region of 30° may produce changes in the meas-
ured values of marginal power of as much as +0.10
diopters. The depth of focus, throughout which the
change in quality of definition of the image of the
target reticle is not too apparent, is appreciably
greater than that for axial depth of focus.

Because of these additional possibilities for error,
an investigation of the reliability of the measure-
ments at 30° from the axis was also made for the
three observers. Table 1 shows the values obtained

TaBLe 1. Values of the deviations, AV4, AV, AH4, AHp,
ACy4, and ACpg, for siz lenses obtained by each of three ob-
servers (D, (', and B)

The average values for the three observers are accepted as correct.
are expressed in diopters.

All values

Obs. |Sph.|Cyl | AV | AVs | AH4 | AHp | AC4 | ACH

0.05 | —0.02 | —0.29

7 2 4| —12| —.43

22| —a| —4

ceoe | eee | 014 | —0.09 | —0.38 |
s

Do (—0.15 | —0.31 | —0.30 | —0.40 | 0.15 | 0.09
[ S 4 2 1 —13| —25| —.28| —.36 5| .11
B 1208 | Zla0| 3| —5 16 | .11
Ave e | oo | =015 | —0.32 | —0.31 | —0.42 | 0.15 | 0.10
40.04 | —0.13 [ —0.09 | —0.26 | 0.13 | 0.13
2 07| —17| —14| — 2% 2109
3| —13| —.06| —.20 19 | .07
Avg..___ eeoe| e | 0.087| —0.14 | —0.10 | —0.2¢ | 0.18 | 0.10
Do 0.08| —.09| —0.02| —0.14 | 0.10 | 0.05
[ 2 ) Al || =l || = || = 221 | —.02
B 16 | —.08| —03| —15 219 | +.07
Avg | .| 014 =010 | =008 | —0.18 | 0.17 | 0.03
Do {0.16| —0.16 | —0.05 | —0.21 | 0.2L | 0.05
[ S =1 2 7 (=17 =04t (=113 .21 | —. 04
B | ‘a1| —14| —03| — 10 .24 | —.04
Avg. . e | oo | 018 =0.16 | —0.04 | —0.15 | 0.22 |—0.01
b 0.37 | 40.17 | 40.26 | 40.10 | 0.11 [40.07
[ A —4 2 230 [ .04 22|06 .08 | —.02
B 30 | .13 20 | .02 10 | 411
Avg . | o032 01| 023 0.06 0.10 | 0.0
Do [( 049 0.27| 041 0.12| 0.08] 0.15
|t-6 2 41 .32 .41 -20 200 | 12
B A8 | 29 49 5| —.0L| .14
Avg . oo | oo | 046 | 0,29 0.44 | 0.16 | 0.02| 0.14

by each of the three observers, identified as D, @,
and B, for a representative group of six lenses. The
fourth line in each case is the average value obtained
and is the one accepted as correct. The symbols,
AVy, AVy, AH 4, AHg, AC,, and ACj, signify respec-
tively the departure of the various powers at points
A and B at 30° from the axis from the corresponding
measured quantities on the axis. It may be noted
that the departures from the average for each ob-
server, although small, are appreciably greater than
for measurements on the axis [1].

The results of measurements, made at 30° off-axis
on 36 lenses of varied powers by 3 observers, were
analysed to determine the magnitude of observer bias
or systematic error. The results of this analysis are
shown in table 2. The departures from the accepted
average measured-power deviation were determined
for each of the 3 observers for each of the 36 lenses.

The average departure was computed for each
observer and is taken as a measure of the systematic
error or bias for each observer. 1t is apparent that

TasLe 2. Systematic differences in the values of AV, AVg,
AH4, AHpg, ACy4, and ACy for three observers, D, G, and B,
based on measurements at 30° off-axis for 36 lenses

The differences are given in diopters.

Average departure from the average of—

Observer
AV AVpg AH 4 AHp ACy ACp
—+0. 006 +0. 007 —0.008 —0.016 | +0.014
—. 012 —. 005 +. 006 —. 003 —. 024
-+. 009 . 001 . 000 +.019 —+. 001
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so far as the determinations of AV and AH are con-
cerned, the magnitudes of the systematic error are
ot the same order of magnitude as found for V and
H on the axis [1]. The systematic errors in AC are
greater at the margins than on the axis but are
nevertheless small. It can therefore be assumed
that the contribution of observer bias to measure-
ments of AV, AVy, AH,, and AHjg, will not usually
exceed +40.01 diopter. In addition, the contribu-
tion from the same source to measurements of
AC, and ACy will not usually exceed +0.02 diopter.
In view of the small magnitudes of observer bias and
the probable error of a single determination for each
observer, it can reasonably be claimed that the error
of determinations of AV, AVy, AH., AHg, AC,,
and ACy will generally be less than +0.03 diopter.

Table 3 shows a frequency distribution of the errors
for the 3 observers in the determination of the mar-
ginal power of the 36 lenses. For example, in the
determination of AV, the results of measurement by
observer I) are within +0.03 diopter of the accepted
average value of AV, for 53 percent of the lenses
measured. It is also clear that for any of the ob-
servers, the likelihood of being in error by more than
+0.06 diopter is quite small.

TasLE 3.  Frequency distribution of departures from the average
value of AV, AVy, AHy, AHp, AC4, and ACy for each of
three observers

The results are based on measurements of 36 lenses. All values are in diopters

A. Percentage of determinations that do not depart from average value
of AV 4 (or AV) by more than 6§ V4 (or § V) for observer—

AVa AVg
6Va 8Ve

D a B D (63 B

=0. 03 53 84 61 =+0.03 58 53 67
.06 92 97 89 .06 75 84 81
.09 100 100 100 .09 97 94 89
.12 S S I 12 97 97 92
.15 s2ot S e 15 100 100 100

B. Percentage of determinations that do not depart from average value
of AH 4 (or AHg) by more than 64 (or 6/ ) for observer—

AHy AHp
AHy 6Hp

D (& B D a B

=+0. 03 69 75 75 =+0. 03 56 72 47
.06 92 91 94 .06 86 97 81
.09 100 100 97 .09 94 97 94
.12 s — 100 .12 94 100 100
.16 _— . S .15 100 s Taes

C. Percentage of determinations that do not depart from average value
of AC4 (or ACB) by more than §C4 (or §Cg) for observer—

ACy ACH
6Cy 3Cg

D ’ G ! B D G B

=+0. 03 42 69 44 =+0.03 39 47 49
.06 83 97 72 .06 75 72 75
.09 97 100 94 .09 86 91 86
oAb 97 . 97 .12 97 100 92
.18 100 L, 100 .18 100 S 100

5. Results of Measurement on 311 Spectacle
Lenses

The values of Vu, Hy, Vg, Hg, Vo, and Hy, were
measured for the entire group of 311 lenses. From
these measured values the values ot (5, (), and Cp
were determined. For the present purposes, the
values of the departures of the measured values on
axis from the prescribed axial values and the values
of the measured marginal values from the measured
axial values are of greater interest than the actual
values of marginal and axial meridional power.
The values of AVy, AH,, and AC, are reported in an
earlier paper [1]. In the present paper, the empha sis
is given to the measured values of AV, AH,, AC,,
AVg, AHp, and ACg. The results of these determina-
tions are given in tables 4 to 10. The order of the
lenses in these tables is the same as that given in
the earlier paper to facilitate comparison. It is
eivdent from a cursory examination, that the values
of AV, AH,, AC,, AV, AHp, and ACy are frequently
quite large, particularly for the higher spherical and
cylindrical powers.

6. Establishment of Tolerances

The establishment of tolerances for marginal
power for spectacle lenses is somewhat more com-
plex than is the case for axial power. The interre-
lation of the various powers in three areas instead
of the single central area has to be kept constantly
in mind. The performance in the peripheral regions
of spectacle lenses made in accordance with recog-
nized best practice is generally not equal to that
commonly obtained in the axial regions. So for
tolerances to serve a useful purpose, their maguitude
must be made appreciably greater than those ac-
ceptable on axis, but at the same time, they should
be held as small as feasible to insure optimum per-
formance under the circumstances.

6.1. Proposed Tolerances for Marginal Powers

A careful analysis of the magnitudes of the devia-
tions, AV, AVy, AH,, AHg, AC,, and ACE, that are
listed in tables 4 to 10, was made. On the basis of
this analysis, tolerances were established for use in a
purchase specification [4]. These tolerances are
specified as follows:

(¢) The marginal meridional powers referred to
the vertex sphere at points A and B, located as
shown in figure 2, shall not depart from the measured
axial meridional powers by amounts in excess of
those values of the tolerances for meridional power
shown in tables 11 to 15.

(b) The cylindrical power, referred to the vertex
sphere at points A and B shall not depart from the
measured axial cylindrical powers by an amount in
excess of those values of the tolerances shown in
tables 11 to 15.
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TABLE 4.  Measured values of the deviations in meridional power
at the marginal points A and B from the measured axial power
for 72 spectacle lenses having zero cylindrical power and with
spherical power varying from -+7.00 to —18.00 diopters

The nominal prescribed spherical powers are listed under “Sph”’. The signifi-

cance of the symbols at the heads of the columns is given in section 3.2 and
figure 2. All values are expressed in diopters.

Sph. AV4 AHy AC4 AVs | AHs AC3
—0.17 0.23 | —0.40 0.23 | —0.18 | 0.41

7.00 —95 | —05 | —.20 | —0¢ | —.24 20
—22 | 02 | —2¢ | 42| —21 23

‘ —0.04 | —0.17 | +0.13 | —0.19 | —0.04 | —0.15
—20 | —.24 o4 | —22 | —20 | —.02

6. 00 — (i 19 18 | —22 | —.02 | —.20
l —109 s 09 | —20 | —10 | =10

—06 | —.2 19 | —2 | —.06 | —20

—0.24 | —0.26 0.02 | —0.21 | —0.23 | +0.02

— 09 — il 06 | —.190 | —.15 | —.04

5.00 —18 | —.22 W = | = | =
+.02 —16 18 | —.18 | +.03 | —21

L —19 09 | —22 | —10 | —12

—0.12 | —0.14 0.02 | —0.14 | —0.13 | —0.01

403 | —.08 11 —08 | +03 | —1

200 [ Tlon | —lo7 08 | —.02 02 | —o04
l —120 — .07 — &l —19 | —.12

ik — 00 | —17 | -7 00

—0.10 | —0.13 0.03 | —0.10 | —0.13 | +0.03

+.02 —.08 10 | —07 | +.01 | —o08

300 0 00 —.07 w07 | —.08 00 | —.08
I —24 —.20 — 04 — 20 — il i ami

—i | =iy | =R | s | e 02

—0.12 | —0.09 | —0.03 | —0.10 | —0.08 | —0.02

—.03 —08 | +.05 | —.08 | —05 | —.03

2,00 =07 —08 0L | —07 | —08 | +.01
l —.05 — 0 02 | —.08 | —.05 | —.03

—04 | —03 | —01 | —03 | —.02 | —.01

—0.02 | —0.01 | —0.01 | —0.01 | —0.02 | 40.01

02 | —.ot o]l 00 | —.o01 S0l

1.00 —03 | —o02 | —.o01 —03 | —02 | —o01
— il —b | S —02 | —01 | —o01

—0d4 | —ios | -tor —03 | —.05 | +.02

+0.03 0.00 0.03 | —0.05 | 40.02 | —0.07

100 200 0 | +.00 01 | .00

0.00 —01 00 | —.01 00 | —.01 “o1
] —02 | 4.02 | —.04 2 | —ot 03

+.01 N 02 | —o01 | 401 | —o02

0.00 | +0.06 | —0.06 | -+0.08 0.02 | +0.06

=0 05 | —.08 0 —.06 07

—1.00 | —o1 08 | —l09 06 | —.01 07
) 04 | —o4 05 | 400 205

4102 05 | —.03 - 06 S01 “05

0.02 0.09 | —0.07 0.08 0.04 | 0.04

—09 02 | 11 02 | —08 10

—2.00 |! .00 14 | —0s |+ 100
l 11 13 —02 16 12 04

106 19 | -3 15 ~06 109

0.09 0.15 | —0.06 0.14 0.08 | 0.06

06 08 | —.02 10 .03 07

—3.00 11 7 | —o06 7 116 01
14 16 | —.o02 18 13 05

05 15 | —.10 18 102 16

0.14 0.19 | —0.05 0.20 0.13 | 0.07

15 26 | —.11 2 15 110

—1.00 || 03 7 | - 19 “01 18
I =¥ 16 —.23 15 —.06 21

+.17 20 | —.03 20 | +.17 03

0.31 0.32 | —0.01 0.30 0.30 | 0.00

15 33 | .12 .32 39 | —07

—6.00 .35 139 03 “o4 30 | —.06
25 22 .03 18 24 | —.06

29 02 120 L3 20 | —17

0.34 0.30 0.04 0.36 0.42 | —0.06

~10.00 16 0t 15 02 15 | —18
‘21 00 21 00 20 | —.20

0.27 0.26 0.01 0.24 0.24 | 0.00

—14.00 |1 —.04 25 | —.29 o4 | —02 | +.26
+.45 57 | —.12 50 | .46 13

0.26 0.22 | 40.04 022 0.17 | 0.04

—1800 || —24 | —o02 | —22 | o2 | —.23 21
+18 | +.30 | —12 | +.30 | +.22 08

TaBLE 5. Measured values of the deviations in meridional
power at the marginal points A and B from the measured
axial power for 76 spectacle lenses having a cylindrical nower
of +1.00 diopter and with spherical power varying from
-+6.00 to —19.00 dzopters
The nominal preseribed spherical powers are listed under “‘Sph”. The signifi-

cance of the symbols at the heads of the columns is given in section 3.2 and figure
2. All values are expressed in diopters.

Sph. AVa | AH4 | AC4 | AV | AHs | ACE
0.06 | —0.28 0.38 | —0.20 0.08 | —0.28

7.00 40 | —.35 75 | —.18 So1 39
—13 | —.35 2 | 407 | —34 | +a

0.00 | —0.35 0.35 | —0.20 | —0.11 | —0.09

+.22 —. 27 49 —.08 +.15 —.23

6. 00 .02 —.33 35 —. 14 —. 19 +.05
] —02 | —.36 34 | —20 | —1 Zlo9

—oL | —33 32 | —19 | —06 | —13

—0.09 | —0.37 028 | —0.12 | —0.15 |+40.03

06 | —.28 2 | —15 | —18 03

5.00 —1 | -3 23 | —18 | —19 “o1
—.10 —. 30 .20 —.21 —. 10 —. 11

+.05 | —.928 33 | =13 00 | —.13

—0.13 | —.15 0.02 | —0.19 | —0.27 | 40.08

‘ —17 | —22 05 | —.05 | —.09 L04

4. 00 —.05 —.01 —. 04 —.01 —.21 .20
1 00 +.07 —.07 —.02 —.15 .13

—07 | =16 | 4.00 | —.01 21 "0

—0.23 | —0.28 0.05 | —0.15 | —0.20 0.05

—. 17 —.25 .08 —. 07 —.13 .06

3. 00 +. 06 —. 17 23 —. 04 +.01 —.05
1 .03 —.13 16 +.01 .00 +.01

00 —.16 16 .04 .01 —.05

0.04 | 40.01 0.03 0.03 | —0.03 | +0.06

—01 | —.08 07 | —o00 | —18 09

2.00 —.01 —. 13 a2 —.16 —. 15 —.01

l —.13 —. 13 .00 —.01 —. 08 +.07

—.02 .00 —.02 —. 08 —. 16 .08

—0.15 | —0.13 | —0.02 | +0.01 | —0.11 0.12

[ +04 | —15 | +.19 04 | —o04 L08

1.00 7| =8 | —09 05 | —.03 “08
1 302 | —o03 | 405 | —o02 | —10 108

.01 —.10 Il —.09 —. 11 .02

0.00 | —0.07 0.07 | —0.08 | —0.09 0.01

[ 05 —. 05 .10 —.04 —.04 .00

0. 00 <« —.08 —.07 —.01 -+. 04 —.03 .07
l 07 | —10 | +.03 .07 —.05 12

—09 | —05 | —.04 08 | —.01 09

—0.04 | —0.02 | —0.02 0.08 | —0.05 0.13

—.01 —.01 .00 11 —.01 .12

—1.00 308 | —o02 | +10 | —or | —03 | —o04
l 09 | .02 07 | —o05 | —.o02 | —.03

—03 | —.03 00 | +.11 | —oz | +.13

40.16 | 40.07 0.09 0.02 0.06 | —0.04

—. 08 00 | —.08 a7 | —02 | 419

—2.00 —o4 | —02 | —02 11 —04 ‘15
403 | 401 | +.02 19| o4 15

.15 .04 bl .01 .00 01

0.1 | 0.02 0.09 0.19 0.05 0.14

10 L08 02 .23 10 13

—3.00 106 200 06 192 06 16
115 14 01 195 19 06

05 09 | —.04 Lot 12 12

0.30 | 0.19 |40.11 0.21 0.15 0.06

25 22 -03 16 14 L02

—4.00 24 L08 16 09 13| —ot
07 09 | —.02 18 06 | 412

2 | —o4 | .27 L00 09 | —.00

0.23 | —0.04 0.27 0.06 0.12 | —0.06

34 | +.25 -09 134 22| 412

—6.00 ) i) 100 139 123 16
.33 33 100 29 126 .03

—.05 16 | —21 23 116 07

40.79 | 0.37 | 40.42 0.57 0.58 | —0.01

L 72 11 .31 .57 56 | +.01
b 129 38 | —.16 13 40 103
—20 05 | —.92 20 | —02 L2

40.20 | 0.17 0.03 0.16 | 40.10 0.06

—11.00 22 67 | —.45 .31 390 | —.08
33 20 | 404 10 31 | —21

—0.18 | 011 | —.29 0.09 | —0.41 0.50

—15.00 +.66 61 | +.05 47 | +.70 | —23
132 a3 | = 25 24 | 401

—0.22 | 010 | —.32 0.04 | —0.34 0.38

—19.00 +.48 10 | +.08 26 | .48 | —.922
17 11 .06 16 2| 404
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TaBLE 6. Measured values of the deviations in meridional
power at the marginal points A and B from the measured
axial power for 71 spectacle lenses having a cylindrical power
of +2.00 diopters and with spherical power varying from
+7.00 to —20.00 diopters
The nominal preseribed spherical powers are listed under “Sph’’. The signifi-

cance of the symbols at the heads of the columns is given in section 3.2 and figure
2. All values are expressed in diopters.

TaBLE 7. Measured values of the deviations in meridional
power at the marginal points A and B from the measured axial
power for 43 spectacle lenses having a cylindrical power of
+8.00 diopters and with spherical power varying from + 6.00
to —10.00 diopters

The nominal prescribed spherical powers are listed under “‘Sph”. The signifi-

cance of the symbols at the heads of the columns is given in section 3.2 and figure
2. All values are expressed in diopters.

Sph. AVy AH, ACy AVpg AHpg ACp Sph. AV, AH 4 ACy AVpg AHp ACgB
7.00 { 0.14 —0.38 0. 52 —0.09 —0.33 0.24 0.32 —0.53 0.85 —0. 05 0.07 —0.12
b 32 | —.43 75 —. 14 —.07 —.07 6.00 .37 | —.57 .94 — ik — 1) —.06

- .30 | —.47 71 —.15 —. 08 (i
0.05 | —0.51 0.56 | —0.29 | —0.20 | —0.09 64 | —.46 1.10 +.13 +.19 —.06
6.00 .09 | —.38 47 —.17 —.10 —.07
2 .35 | —.33 68 —.04 +.09 —.13 [ —0.03 | —0.54 0.51 | —0.21 | —0.30 | 40.09
23 | —.41 64 —.10 —. 50 +.40 00 +.19 | —.46 65 ;.(1)7 = 13 .gg
> 57 | —.40 97 .10 810 -
0.04 | —0.37 0.41 | —0.10 | —0.05 | —0.05 1 18 | —.53 7l —. 06 —.57 +.51
5.00 .06 | —.50 .56 —.06 —. 10 +.04
5 15 | —.42 57 —.09 —. 66 .57 —0.09 | —0.50 0.41 | —0.11 | —0.22 0.11
—09 | —.45 36 —.20 =12 02 AT +.§(2) —29 ;g +. 83 +. (1)§ (l)g
—0.15 | —0.31 0.16 | —0.32 | —0.42 0.10 — ity || =& 36 = 1 —.40 22
400 —.10 | —.38 28 —.06 —.18 12
- +.08 | —.27 35 —.03 —. 01 =102 —0.13 | —0.37 0.24 | 40.04 | —0.05 0.09
09 | —.2 35 +.02 +.01 +.01 F —.08 | —.48 .40 =03 —. 14 11
; —.33 | —.47 14 +.03 —.15 .18
—0.19 | —0.33 0.14 | —0.08 | —0.23 0.15 =, ity 34 17 —. 02 —.09 .07
—.33 —.37 .04 —.08 —.20 12
3.00 —15 | —.35 .20 —.03 —. 11 .08 —0.19 | —0.17 | —0.02 | +0.22 | 40.01 0.21
—.14 | —.33 .19 —.05 —.15 .10 —29 | —.19 —.10 .23 —. 04 .27
+.03 | —.28 31 +.02 —. 06 .08 —1.00 —.25 | —.25 .00 14 —.01 .15
—.21 | —.19 = (1% 24 —10 .34
—0.11 | —0.23 0.12 0.02 | —0.11 0.13 —.24 | —.20 —.04 22 —.01 .23
—.05 | —.18 .13 .05 —. 04 .09
2.00 —.02 | —.09 .07 —.09 —.29 .20 —0.2¢ | —0.15 | —0.09 0.27 | 40.04 0.23
—02 | —.19 17 —.27 —.30 .03 —.20 | —.16 —.04 34 .03 .31
—.19 —. 36 17 +.01 —. 15 .16 —2.00 —.09 —.17 ~+.08 25 —.02 g;
—.08 | —.17 09 34 +.11 :
0.02 | —0.12 0.14 | —0.19 | —0.24 0.05 —.33 | —.30 —.03 18 —15 .33
=05 || =5 —.01 +.09 —.10 .19
1.00 +.01 | —.18 +.18 .13 —.05 |18 —0.03 | —0.06 | 40.03 0.3¢ | —0.04 0.38
—.07 | —.19 12 13 —.01 14 —120 =14 .02 .39 +.03 36
+.08 | —.10 .18 —. 14 — 24 .10 —3.00 —10 | —.13 .03 .35 .07 gg
— 0l || = .01 .38 02
—0.11 | —0.14 0.03 | 40.16 | —0.04 0.20 =i | =18 .01 .36 11 25
+.14 | —.03 .17 —.10 =3 03
0. 00 .13 | —.05 L18 — B —.15 02 0.00 | —0.05 0.05 0.49 0.26 0.23
—.13 | —15 .02 +.13 —.05 18 400 —.03 | —.05 .02 40 —.01 41
—.14 | —.16 .02 09 —.08 17 : —.07 | —.08 01 41 +.10 31
—.05 | —.05 .00 40 .30 10
—0.20 | —0.12 | —0.08 0.16 | —0.03 0.19
—.14 | =10 —.04 16 —.05 .21 +0.46 | +0.14 0.32 0.71 0.38 0.33
—1.00 —10 | —.09 — (il 15 — Gl .16 R .30 1 19 .59 .48 11
+.18 | —.04 1L %) —.16 —.15 —.01 =tk =it || =qk —.07 .36 21 15
A2 | —.02 14 —. 05 —, 1l +.06 +.21 | +.10 +.11 .55 06 49
0.22 | +0.01 0.21 | —0.07 | —0.04 | —0.03 0.01 0.35 | —0.34 0.57 0.64 | —0.07
—.04 | —07 .03 +.23 +.00 +.23 LG —.22 -06 =05 .33 40 —.07
—2.00 +.22 +.03 .19 =1 —.09 .05 : +.71 .14 +.57 .78 34 +.44
—1 |- =07 —.04 +.20 —.03 23 .81 23 _58 85 86 —.01
—.03 —.09 +.06 .21 +.03 18
—0.02 —0.01 —0.01 0.32 0.10 0.22
—.05 | —.04 —.01 22 00 22
—3.00 +.02 | —.01 +.03 .30 10 20
02 | —.01 03 26 20 06
.04 | —.02 .06 27 13 14
0.02 | 40.04 | —0.02 0.29 | —0.04 0.33
.19 .09 +.10 .36 +.25 11
—4.00 32 .23 .09 11 .06 05
.32 0 25 .02 .04 —.02 L . .
02 OZ — 02 31 90 i TaBrLe 8. Measured values of the deviations in the mendwn:al
ower at marginal points A and B from the measured axial
0.26 0. 00 0.26 0.20 0.15 0.05 P g P : o Tt
oos 1% | 09 4 0 a3 power for 8 spectacle lenses having a cylindrical power of
—6.00 ‘33 14 19 51 31 20 +5.00 diopters and with spherical powers of —1.00 and
.46 44 02 29 16 15 —2.00 diopters
—_i(_]- ?‘)i 0 %g —_'(_) é; 0. g% 0 zg 0 }g All powers are expressed in diopters
—10.00 91 36 55 .67 45 22
—.06 25 —.31 .42 39 03
Sph. AV4 AH4 ACy AVg AHpg ACE
+0.40 0.89 | —0.49 0. 54 0.75 | —0.21
—12.00 .44 .41 +.03 11 .33 — )
.36 36 .00 .26 00 +.26 —0. 2:1; —0. g 0. %g 0. g —0. (1)% 0. gg
0.98 0.66 0.32 0.68 0.96 | —0.28 =il —.38 — 41 .03 .39 —.08 47
—16.00 .41 .52 -1 .31 .34 =i —.33 —.31 —.02 .34 —. 04 38
.08 .26 —.18 .26 -1 +.37
—0.26 | —0.34 | -40.08 0.56 +0.01 0.55
0.44 0.38 | 40.06 0.62 | 40.60 0.02 o0 —.36 —.36 .00 .26 —.05 31
—20. 90 .37 .60 — ok 70 .39 31 - —.42 —.34 — (15 .48 +. 04 .44
—.17 24 —. 41 02 —.18 20 —.27 —.29 +.02 .45 10 .35
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TasLe 9. Measured values of the deviations in meridional
power at the marginal points A and B from the measured avial
power for 33 spectacle lenses having a cylindrical power of
+4.00 diopters and with spherical power varying from +5.00
to — 10.00 diopters

The nominal preseribed spherical powers are listed under “Sph.” The signifi-

cance of the symbols at the heads of the columns is given in section 3.2 and figure
2. All values are expressed in diopters.

Sph. AV, AH4 ACy AVp AHgp ACgB
0.24 | —0.61 0.85 0.01 | —0.30 0.31
5.00 —.03 | —.74 .71 —.19 —.27 .08
: +.32 | —.56 L8R +.00 —.07 .07
.25 | —.75 1.00 —.01 —.05 04
—0.09 | —0.65 0.56 | —0.11 | —0.41 0.30
400 —.09 | —.57 .48 —.03 —.25 .22
: +.28 | —.53 .81 +.18 +.04 .14
12 | —.54 .66 .01 -1 .12
—0.33 | —0.33 0.00 0.23 | —0.02 0.25
—1.00 —.29 | —.29 .00 .30 —. 04 .34
. —.35 | —.31 —. 04 23 —.10 .33
—.16 | —.29 +.13 38 —.04 .42
—0.24 —0.29 0.05 0.31 +0.07 0.24
—2.00 -3 | —.27 —. 08 .35 .01 .34
: —.27 | —.25 —.02 .32 05 27
—.23 | —.25 +.02 .32 01 31
—0.23 | —0.19 | —0.04 0.42 0.02 0.40
—3.00 —.17 19 +.02 .43 .03 .40
: —.41 20 —.21 .43 08 35
—.23 | —.2¢ +.01 .39 .16 23
—0.10 | —0.16 0. 06 0. 50 0.27 0.23
—.04 | —.07 .03 48 —.02 .50
—4.00 —.09 | —.13 .04 57 +.14 .43
—.08 | —.10 02 47 —.01 .48
—.08 | —.15 07 51 +.22 .29
-+4-0. 06 —0.03 0.09 0. 60 0.00 0.60
—6.00 I8 | 402 .16 .75 .26 .49
g .06 | —.03 .09 .57 .39 .18
—22 | —.23 .01 38 42 —.04
+0.84 | +40.25 0.59 1.09 1.01 | +0.08
—10.00 —. 21 .24 —. 45 .59 0.63 —.04
: —-.32 .09 —.41 .42 .35 +.07
+. 65 23 +.42 95 51 .44

TasLe 10. Measured values of the deviations in the merid-

ional power at marginal points A and B from the measured
azxial power for 8 spectacle lenses having a cylindrical power
of +6.00 diopters and with spherical powers of —1.00 and
—2.00 diopters

All powers are expressed in diopters

Sph. AVy AHy ACy AVp AHp ACE
—0.45 —0.49 0.04 0.32 —0.15 0.47

~1.00 =529 =) =800 53 =300 .59
: =37 =il Arailt 31 (133 .39
—.33 —.34 .01 .47 +.02 .45

—0.39 —0.36 —0.03 0. 44 0.04 0.40

—2.00 —-.32 —.36 +.03 .65 .01 .64
. S =248 .01 .40 =02 .42
—. 46 =47 .01 .51 +.02 .49

(¢) The tolerances in marginal power contained
in paragraphs (a) and (b) are only applicable to
single vision lenses and to the distance portions of
bifocal lenses. The range for which these tolerances
apply is as shown in tables 11 to 15. The tolerances
shown in tables 11 to 15 apply to lenses corrected
for optimum marginal performance at large object
distances. For lenses corrected for optimum mar-
ginal performance at near distances, the same toler-

TasLe 11. Tolerances in meridional and cylindrical powers
at 30° from the axis for lenses having spherical powers ranging
from -7.00 to —20.00 diopters and zero cylindrical power
Vo is the measured axial meridional power in one principal meridian and

Ho is the measured axial meridional power in the second principal meridian
(Ho=Vp and corresponds to the prescribed spherical power.)

Meridional power | Cylindrical power
Meridional
powers
(Vo=Ho) | Point A | Point A | Point A | Point A
and or and or

point B | point B | point B | point B
7.00 =+0.38 =+0.32 =+0.38 =+0.32
6. 00 .38 .32 .32 .25
5.00 .32 .25 .32 .25
4.00 .32 .25 .25 .18
3.00 .25 .18 .18 .12
2.00 =+0.18 =+0.12 =+0.18 =+0.12
1.00 .18 12 .18 .12
0.00 18 12 .18 12
—1.00 18 o2 .18 12
—2.00 25 .18 263 12
—3.00 =+0.25 =+0.18 =+0.18 +0.12
—4.00 .32 .25 .25 .18
—5.00 32 .25 .32 25
—6.00 38 .32 .32 25
—7.00 38 .32 .32 25
—8.00 =+0. 38 =+0. 32 =+0. 32 =+0.25
—9.00 . 50 .38 .38 .32
—10.00 . 50 .38 38 32
—14.00 .50 .38 38 32
—20.00 .50 .38 38 32

TaBre 12. Tolerances in meridional and cylindrical

powers for lenses having spherical powers ranging
from +7.00 to —20.00 diopters and a cylindrical
power of 1.00 diopter

Vo is the measured axial meridional power in one principal meridian
and Hp is the measured axial meridional power in the second principal
meridian. (For positive eylindrical power, Fo corresponds to the pre-
seribed spherical power; while for negative-cylindrical power, Vo cor-
responds to the prescribed spherical power.)” All values are given in

diopters.
Meridional powers Meridional power | Cylindrical power
Point A | Point A4 | Point A | Point A
Vo Ho and or and or
point B | point B | point B | point B
8.00 7.00 +0. 62 =+0. 50 =+0. 50 =+0.38
7.00 6. 00 .50 .38 .50 .38
6. 00 5. 00 .50 .38 .38 .25
5.00 4.00 38 .25 32 .25
4.00 3.00 38 .26 25 18
3.00 2.00 +0.25 +0. 18 =+0.18 =+0.12
2.00 1.00 .18 .12 .18 .12
1.00 0.00 18 .12 .18 12
0.00 —1.00 18 12 18 12
—1.00 —2.00 25 .18 18 12
—2.00 —3.00 +0. 38 +0.25 =+0.25 =+0. 18
—3.00 —4.00 .38 .25 32 .25
—4.00 —5.00 50 .38 .38 25
—5.00 —6.00 .50 .38 .38 .25
—6.00 —7.00 .50 .38 38 25
—7.00 —8.00 +0. 50 =+0. 38 =+0. 38 =+0.25
—8.00 —9.00 .62 .38 50 .38
—9.00 —10.00 .62 .50 .50 .38
—14.00 —15.00 .62 .50 .50 .38
—19.00 —20.00 .62 .50 .50 .38

ances shall apply, except that the measurements
will be made with the test object at the specified
near object distance, and the tolerances will be re-
ferred to the measured effective axial meridional
and cylindrical powers.

557



Tasre 13. Tolerances in meridional and cylindrical
powers for lenses having spherical powers ranging
from +7.00 to —20.00 diopters and a cylindrical
pow er of 2.00 diopters
Vo is the measured axial meridional power in one principal meridian

and Hp is the measured axial meridional power in the second principal

meridian. (For positive cylindrical power, Ho corresponds to the pre-
scribed spherical power, while for negative cylindrical power, Vo cor-
responds to the prescribed spherical power.) All values are given in

diopters.
\. Meridional powers Meridional power | Cylindrical power
. Point A | Point A | Point A | Point 4
Vo Ho and or and or
‘ point B | point B | point B | point B
| 900 7.00 | 0,62 | +0.50 | =0.62 | =0.50
8. 00 6. 00 .62 .50 .62 38
7.00 5. 00 50 38 .50 25
6. 00 4. 00 38 .25 .38 25
5.00 3.00 38 .25 .32 25
4.00 2.00 =+0. 38 =+0.25 =+0.25 +0.18
3.00 1.00 38 .25 .25 18
2.00 0.00 38 25 .25 18
1. 00 —1.00 25 25 .25 18
0.00 —2.00 25 25 .25 18
—1.00 —3.00 =+0. 38 =+0.25 =+0. 32 +0.25
—2.00 —4.00 38 .25 .38 .25
—3.00 —5.00 50 38 .38 32
—4. 00 —6.00 62 50 .50 38
—5.00 —7.00 62 50 .62 50
—6. 00 —8.00 =+0. 62 =+0. 50 =+0. 62 =+0. 50
—7.00 —9.00 .62 .50 .62 .50
—8.00 —10. 00 .62 .50 .62 50
—13. 00 —15.00 62 .50 .62 50
—18. 00 —20.00 62 .50 62 50
Tasre 14.  Tolerances in meridional and cylindrical powers

for lenses having spherical powers ranging from -+6.00 to
—10.00 diopters and a cylindrical power of 3.00 diopters.

Vo is the measured axial meridional power in one principal meridian and Hp is
the measured axial meridional power in the second principal meridian. (For
positive eylindrical power, Ho corresponds to the prescribed spherical power,
while for negative cylindrical power, Vo corresponds to the prescribed spherical
power.) All values are given in diopters.

|
Meridional powers [ Meridional power | Cylindrical power
| Point A | Point A | Point A | Point A
Vo Ho and or and or
point B | point B | point B | point B
9. 00 6. 00 =+1.00 =0. 50 =+1.00 +0. 50
8. 00 5. 00 0.87 .38 .87 .38
7. 00 4. 00 .75 .38 .75 .38
6. 00 3.00 .62 .38 .62 .38
5.00 2.00 . 50 .38 .50 .25
4.00 1.00 0. 50 =+0.38 =+0. 50 +0.25
3.00 0.00 .50 .38 .50 .25
2.00 —1.00 50 38 .50 25
1. 00 —2.00 50 38 . 50 25
0. 00 —3.00 50 38 .50 25
—1.00 —4.00 =+0. 62 =+0. 38 =+0. 62 =+0.38
—2.00 —5.00 .75 .38 875 .38
—3.00 —6.00 .87 .50 .87 .38
—4.00 —7.00 1.00 .50 1.00 .50
—5.00 —8.00 1.00 .50 1.00 .50
—6.00 —9.00 =+1. 00 =+0. 50 =+1.00 =+0. 50
—7.00 —10. 00 1.25 .75 1.25 .75

Lenses, having cylindrical power, differ in me-
ridional power in their two principal meridians. This
introduces a duality that is reflected in the setting of
tolerances. It is obvious that a tolerance that is
entirely satisfactory for the lower ot the two me-
ridional powers may be too rigorous for the higher
one. Likewise, a tolerance that is suitable for the
higher of the two meridional powers may be less
exacting than is desirable for the lower one. Conse-

TasLe 15. Tolerances in meridional and cylindrical powers
for lenses having spherical powers ranging from -+6.00 lo
—10.00 dropters and a cylindrical power of 4.00 dioplers.

Vo is the measured axial meridional power in one principal meridian and Ho is
the measured axial meridional power in the second principal meridian. (For
positive cylindrical power, Ho corresponds to the prescribed spherical power;
while for negative cylindrical power, Vo corresponds to the preseribed spherical
power.) All values are given in diopters.

Meridional powers Meridional power | Cylindrical power
Point A | Point A | Point A | Point A
Vo Ho and or and or

point B | point B | point B | point B

10. 00 6. 00 =+1.00 =+0. 50 =+1.00 =+0. 50
9. 00 5.00 .87 .38 .87 .38
8.00 4.00 75 .38 .75 38
7.00 3.00 62 .38 .62 38
6.00 2.00 50 38 50 25
5.00 1.00 =+0. 50 +0.38 =+0. 50 =+0.25
4.00 0. 00 .50 .38 .50 25
3.00 —1.00 50 .38 50 25
2.00 —2.00 50 .38 50 25
1.00 —3.00 62 .38 62 38
0.00 —4.00 +0.75 +0.38 +0.75 +0. 38
—1.00 —5.00 .87 .38 .87 38
—2.00 —6.00 1.00 .50 1.00 50
—3.00 —7.00 1.00 .50 1.00 50
—4.00 —8.00 1.00 50 1.00 50
—5.00 —9.00 =+1.00 0. 50 +1.00 +0. 50
—6.00 —10.00 1.25 .75 1.25 75

quently, in tables 11 to 15, one tolerance is listed
that must be satisfied at both points A and B.
Assuming that a given lens satisfies the large toler-
ance established for both points A and B, then for
acceptance, it must also satisfy a lower value of the
tolerance for either point A4 or point B. It is evident
that the dual tolerances are necessary in tables 12 to
15, which list the tolerances for lenses having cylin-
drical power. In the case of lenses having no nomi-
nal cylindrical power, the presence of small amounts
of tolerable axial cylindrical power necessitates a
dual listing of tolerance in table 11.

6.2. Degree of Compliance With Proposed
Tolerances

The results of the measurements of marginal
power made on the 311 lenses that are contained in
tables 4 to 10 have been considered with respect to
these tolerances to determine the degree of compli-
ance. For the cases of lenses having axial cylindrical
powers of 0.00, 1.00, and 2.00, the results of these
considerations are shown graphically in figures 3 to 5.
In the graphs, the abscissas show the values of axial
meridional power, V,, while the crdinates show the
deviations in marginal meridional power and in
cylindrical power at points A and B. The dotted
lines bounding the horizontal zone in the central
regions of the graph indicate the maximum toler-
ances for marginal performance for both A and B.
The solid lines bound the zone of minimum tolerance
for either A or B. To avoid plotting a multiplicity
of points, only those are shown where one or both of
the points fall outside tolerance. The uppermost
frame of a given graph shows the nature of the lack of
compliance with the meridional requirements for
point A, the middle frame shows similar information
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Frgure 3. Degree of compliance with suggested tolerance fer
marginal power for 72 lenses having zero cylindrical power.

Only those points are plotted for which noncompliance occurs for at least one
member of a pair. The bar graphs at the bottoms of the center and lower frames
show the number of lenses in the sample. Boxes containing an X in the center
frame show compliance with the spherical tolerances; boxes containing an X in
the lower frame indicate full compliance with spherical and cylindrical tolerances.

for point B, and in addition the boxes in the bar
graph in the lower portion shows the number of
Ienses in each sample. The number of boxes con-
taining an X is the number of lenses of a given
power that comply with the meridional requirements.
The empty boxes indicate those lenses where at least
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Frcure 4. Degree of compliance with suggested tolerance for
marginal power for 76 lenses having cylindrical power of

1 diopter.
Only those points are plotted for which noncompliance occurs for at least one
member of a pair. The bar graphs at the bottoms of the center and lower frames
show the number of lenses in the sample. Boxes containing an X in the center

frame show compliance with the spherical tolerances; boxes containing an X in
the lower frame indicate full compliance with spherical and eylindrical tolerances

one value of the meridional power at points A and B
is in excess of tolerance. The lowest frame shows
the degree of compliance with the requirements for
cylindrical power. The bar graph at the bottom of
this frame combines the results for all three frames.
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Ficure 5. Degree of compliance with suggested tolerance for
marginal power for 71 lenses having cylindrical power of

2 diopters.
Only th(_)se points are plotted for which noncompliance occurs for at least one
member of a pair. The bar graphs at the bottoms of the center and lower frames
show the number of lenses in the sample. Boxes containing an X in the center

{frame show compliance with the spherical tolerances; boxes containing an X in
the lower frame indicate full compliance with spherical and cylindrical tolerances.

Consequently, a box containing an X in this graph
indicates that a given lens complies in full with the
tolerances for meridional and cylindrical power.

It is interesting to note, that for the cases shown,
at least one and generally two or more lenses comply
in full with the suggested tolerances which indicate
that these tolerances can be and are being satisfied.
The degree of compliance with the suggested toler-
ances is given in tabular form in tables 16 to 20 for
295 of the 311 lenses. In these tables is given the
total number of lenses of a given power in each
sample, together with information on the number of
lenses complying with the minimum, the maximum,
and the suggested tolerances for meridional and
cylindrical power in the marginal regions of the
lenses. At the bottom of each table, the percentage
of lenses complying in each category is given.

At first glance, the tolerances set forth in tables 11
to 15 seem larger than need be. However, the study
of the degree of compliance shown in tables 16 to 20
shows that this is not the case for presently existing
lenses. For example, if these lenses were to comply
fully with the minimum tolerance at both points A
and B, it is clear that only a relatively small per-
centage of the lenses would satisfy the requirements;
the percentages range from 83 percent for lenses
having zero cylindrical power down to 15 percent for
lenses having eylindrical power of 4.00 diopters. On
the other hand, if these lenses were to comply fully
with the maximum tolerance only at both points A
and B, the percentages complying range from 96
to 85 percent. However, by using the minimum
tolerance at either point A or point B and the maxi-
mum tolerance at both points 4 and B as suggested
in paragraphs (a) and (b) of section 6.1, the total
number complying is reduced only slightly, the
percentages ranging from 92 to 84 percent, and some-
what better performance for the user is thus assured.

TABLE 16. Degree of compliance with the minimwm, mazximum,
and suggested tolerances for marginal power for 72 lenses
having axial meridional powers varying from +7.00to —18.00
diopters and zero cylindrical power.

‘ Number of lenses in sample com-
T = .| plying with the following toler-
A\Iondm!ml Number of | /0™
power lenses in l
(Vo= Ho) sample 7 ‘ =
1 Minimum | Maximum | Suggested
! S S
700 3 2 2 | 2
6.00___. 5 5 5 5
5.00 5 4 5 5
4.00_ .- 5 4 5 4
3.00.-___ 5 | 4 ; 5 4
[ b 5 5 5
| 5 5 5 5
5 5 | 5 i)
5 [ 4 ; 5 [ 5
5 | 4 ‘ 5 | 5
5 | 3 i 4
5 | 3 1 4 4
| 5 8 ] 2 3
[ 3 ‘ 2 | 2 2
| |
‘ 3 } 3 [ 3 3
N [ - =
Total ... \ 72 | 60 | 69 | 66
Percentage.| - ‘ 83 96 | 92
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TaBLE 17. Degree of compliance with the minimum, mazi-
mum, and suggested tolerances for marginal power for 76
lenses having axial meridional powers varying from -+ 8.00
to —18.00 diopters and cylindrical power of -+1.00 diopter

Meridional
power

(Vo=
Ho+1.00)

Number of lenses in sample comply-
ing with the following tolerances—

Number of
lenses in
sample

Minimum | Maximum | Suggested

8.00
.00
. 00
. 00

00

bhdlh Lorew mosn
8888 88888
oot i w

—10. 00

—14. 00
—18.00
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:
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H
o
©
=

Percentage.

TasrLe 18. Degree of compliance with the minimum, maxi-
mum, and suggested tolerances for marginal power for 71
lenses having axial meridional powers varying from +9.00
to —18.00 diopters and cylindrical power of +2.00 diopters

Meridional Number of lenses in sample comply-
power Number of | ing with the following tolerances—
(Vo= lenses in

Ho+2.00) sample

Minimum | Maximum | Suggested

9.00 2 0 1 1
8.00 4 0 2 2
7.00 4 0 2 2
6. 00 4 0 3 3
5.00 5 0 5 5
4.00 5 2 5 5
3.00 5 4 5 5
2.00 5 5 5 5
1. 00 5 2 b 5
0.00 5 1 5 5
—1.00 5 1 5 5
—2.00 5 0 5 5
—4.00 4 3 4 4
—8.00 4 2 2 2
—10. 00 3 2 2 2
—14.00 | 3 1 2 2
—18. 00 | 3 1 2 2
Total .______ | 71 24 60 60
Bercentages| Iunnnunes 34 85 85

6.3. Discussion of the Proposed Tolerances

In the preparation of tolerances for axial powers,
it is possible to require that the deviation of measured
from prescribed power be kept within a narrow
enough range that normal depth of focus will still
enable the unaccommodated eye to distinguish
objects separated by 1 minute of arc. However, in
the case of tolerances for marginal power, it is not
readily possible to maintain such a high degree of

erformance because of limitations imposed by
aving only two surfaces available to the designer,
conditions of use, and the cost. Although it is
possible to design a lens for each power that will
perform in excellent fashion for one viewing dis-

TaBLE 19. Degree of compliance with the minimum, mazi-
mum, and suggested tolerances for marginal power for 43
lenses having axial meridional powers varying from —+9.00
to —7.00 diopters and cylindrical power of -+ 3.00 diopters

Meridional Number of lenses in sample compl;-—’
power Number of | ing with the following tolerances—
Vo= lenses in
Ho+3.00) sample
Minimum | Maximum | Suggested
9.00 4 0 3 3
8.00 4 0 3 2
7.00 4 0 3 2
6.00 4 2 4 4
2.00 5 3 5 5
1. 00 5 2 5 5
0. 00 5 1 5 5
—1.00 4 0 4 4
—3.00 4 1 4 4
—7.00 4 1 4 2
Total===t2°8 43 10 40 36
Percentage.| -_______ 23 93 84

Tasre 20. Degree of compliance with the minimum, maxi-
mum, and suggested tolerances for marginal power for 33
lenses having axial meridional powers varying from +9.00
to —6.00 diopters and cylindrical power of -+4.00 diopters

Meridional Number of lenses in sample comply-
power Number of | ing with the following tolerances—
(Vo= lenses in

Ho+4.00) sample

Minimum | Maximum | Suggested

9. 00 4 0 2 2
8. 00 4 0 3 2
3.00 4 1 4 4
2.00 4 1 4 4
1.00 4 0 4 3
0. 00 5 0 5 5
—2.00 4 1 4 4
—6.00 4 2 4 4
AR e 33 5 30 28
(Eercentageniussasmses 15 91 85

tance, it is not likely that it will perform equally
well for all other viewing distances. In addition,
it is impracticable because of cost to construct a
special lens for each user, so it is usual to maintain
a series of lenses whose base-curve changes in succes-
sive discrete steps to cover the entire range of use.

The suggested tolerances for spherical power do
not present any serious hardship for the wearer
under middle age, as such a person is likely to have
an amplitude of accommodation well above the
maximum suggested tolerances. For a person having
a small amplitude of accommodation, the marginal
performance of a lens near the limits of the suggested
tolerance will probably be noticeably lower than the
axial performance. However, he will still usually
be able to distinguish between objects separated by
from 2 to 8 minutes of arc, depending upon the
amount of departure of the marginal from the axial
powers. This corresponds to a reduction in visual
acuity down to 20/40 or 20/160, which is still ade-
quate for the detection of large objects or movement.

In the case of astigmatism, the problem is more
difficult. One cannot minimize astigmatism to an
appreciable extent by the exercise of accommodative
powers. Consequently, all users will suffer some
reduction in visual acuity in the marginal regions,
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Fircure 6.

A shows the imagery for the condition of best focus with AVo
imagery for AVo=AHo+0.50 diopters.

IC

FiGUure 7.

A

A shows the imagery for the condition of best focus with ACo=

except in those instances where the depth of focus
is sufficient to provide adequate compensation. Of
course, it is unlikely that anyone will be using the
marginal portion of his spectacle lenses fcr an ex-
tended time, as it is more natural to turn the head
so as to take advantage of central vision. Figures
6 and 7 show the quality of imagery that may be
expected when looking through lenses whose powers
vary from the prescribed by selected amounts [5].

In conclusion, it can be stated that there are now
available a large number of lenses that are corrected
to yield improved marginal performance, and that
they do so. However, further efforts toward im-
provement should be made. If this is done, it may
eventually be possible to reduce the tolerances sug-
gested herein to values more nearly comparable to
the depth of focus.

=AHp=0; B shows the imagery for AVo=Ho=

O; B shows the imagery for ACo=

C

Photographs showing change in imagery with departures from prescribed spherical power by definite amounts.

+0.25 diopters; and C shows the

Photographs showing change in imagery with departures from prescribed cylindrical power by definite amounts.

-+0.25 diopters; and C shows the imagery for ACo=+0.50 diopters.
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